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Abstract-In the manufacture of submicron or deep submi- 
cron ULSIs, it is important to completely suppress native oxide 
growth on the silicon wafer surfaces. Especially, in order to 
suppress the native oxide growth in a wet process, dissolved 
oxygen must be removed from the ultrapure water used for the 
final rinsing of the wafer. Two independent systems for the sup- 
ply of ultrapure water, augmented with new techniques to re- 
move dissolved oxygen, have been installed in the mini-super- 
clean room at Tohoku University. Both systems use two-stage 
dissolved oxygen removing methods. System 1 uses vacuum de- 
gassing through membrane and catalytic resin-based reduc- 
tion, while System 2 uses vacuum degassing through membrane 
and nitrogen gas bubbling. Both systems can supply ultrapure 
water of 10 ppb or less in dissolved oxygen concentration. The 
concentrations of other impurities such as TOC, silica and total 
residue are also 1 ppb or less. 
I. INTRODUCTION 
S A HIGHER level of integration requires devices A with smaller dimensions, the effect of minute con- 
tamination on the silicon wafer surface is becoming more 
and more critical. To reduce contamination of the silicon 
wafer surface, efforts have been made to develop com- 
pletely dry cleaning processes. Various technologies are 
being tried such as vapor etching in which native oxide is 
selectively etched with anhydrous hydrogen fluoride [ 11, 
[2]. The present dry process leaves metallic contamina- 
tion, which could be as much as 10" to 10I2 atom/cm2 
[3] on the wafer surface. 
Therefore, wet processes are very important and they 
must be improved, in particular, ultrapure water which 
comes in direct contact with the wafer during final rinsing 
must be improved. This paper will discuss the concentra- 
tion and removal of dissolved oxygen in ultrapure water. 
Two new ultrapure water systems recently installed in the 
mini-superclean room at Tohoku University [4], [5] will 
be described, focusing on their basic characteristics for 
the removal of dissolved oxygen. 
11. NATIVE OXIDE GROWTH IN ULTRAPURE WATER 
Silicon surfaces can grow native oxide in 1) air, 2) ul- 
trapure water and 3) in chemicals. Native oxide can have 
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Fig. 1. Oxide thickness as a function of immersion time of wafers in ul- 
trapure water at room temperature, for different dissolved oxygen concen- 
trations. 
adverse effects, such as decrease of pattern dimensions, 
in high performance processes [6]-[lo]. This paper will 
concentrate on native oxide growth in ultrapure water. 
Fig. 1 shows the growth rate of native oxide at room tem- 
perature at different dissolved oxygen concentrations, such 
as 0.04,0.6 and 9 ppm. Oxide thicknesses were measured 
by X-ray photoelectron spectroscopy (XPS) [11]-[ 141. 
The wafers, n-Si(100) with a resistivity of 2-4 cm (dop- 
ing concentration: 1016/cm3), n + - ~ i ( l ~ ~ ' / c r n ~ )  were 
cleaned with (H2S04/H202), (NH,0H/H202/HzO) and 
(HC1/H202/H20) solution, etched with (HF / H 2 0 )  so- 
lution, and then rinsed with ultrapure water with a dis- 
solved oxygen concentration of 0.6 ppm. It can be seen 
in Fig. 1, that native oxide growth progresses with time, 
but is retarded if the concentration of dissolved oxygen is 
low. This result suggests that native oxide growth is sup- 
pressed by reducing the dissolved oxygen concentration 
in ultrapure water. Fig. 2 shows the time dependence of 
dissolution of Si atoms in pure water (having 9 ppm of 
dissolved oxygen), and the number of Si atoms incorpo- 
rated into the native oxide film. Nsi represents the number 
of Si atoms per unit area of the wafer surface. The number 
of Si atoms in the native oxide film increases correspond- 
ingly with the number of dissolved Si atoms. This indi- 
cates that native oxide growth is strongly influenced by 
the dissolution of Si into ultrapure water. Fig. 3(a) and 
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Fig. 3 .  Surface condition of a Si wafer as shown by STM. (a) After 10 
minutes rinsing using ultrapure water. (b) After immersion in ultrapure 
water for 20 days. 
(b) show the wafer surface after immersion in ultrapure 
water, taken with a scanning tunneling microscope 
(STM). The concentration of dissolved oxygen in the ul- 
trapure water was 9 ppm. When a wafer is immersed in 
ultrapure water, the roughness of the Si surface increases 
with the lapse of time, reaching 100 A in 20 days of im- 
mersion. As Si atoms dissolve into the water, roughness 
of the wafer surface increases. 
The mechanism of native oxide growth involves many 
unclarified aspects. Because of the fact that native oxide 
growth is enhanced by increased concentrations of dis- 
solved oxygen in the water, the first step in suppressing 
native oxide growth should be the reduction of dissolved 
oxygen to a minimum. 
111. CONFIGURATION F ULTRAPURE WATER 
PRODUCING SYSTEMS 
Conventional ultrapure water producing systems are 
designed to remove impurities including ions and parti- 
cles from water. Since it was found that native oxide 
growth is enhanced in the presence of dissolved oxygen, 
it was necessary to develop improved ultrapure water pro- 
ducing systems which were capable of reducing dissolved 
oxygen as well as other impurities to the ultimate level. 
The two ultrapure water systems, illustrated in Fig. 4 and 
Fig. 5 ,  were installed in the mini-superclean room at To- 
hoku University. Both of the ultrapure water systems have 
the following features. 
1. Two-stage removal of dissolved oxygen 
2.  Use of PEEK and PVDF materials, which elute 
minute levels of impurities, for circular piping 
3 .  Removal of organic matters by the combined use of 
UV (185 nm rays) and anion exchange resin, and 
4. Use of external type ultrafilters, which generate no 
particles. 
Table I shows the quality of water currently available 
from these two ultrapure water systems. The data repre- 
sent stable quality obtained about a month after installa- 
tion. All analytical data of the impurities are close to the 
detection limit of the analyzers. The concentration of dis- 
solved oxygen is extremely low, 3 to 5 ppb in System 1 
and 6 to 10 ppb in System 2. The concentrations of other 
impurities such as TOC, silica and total residue are also 
1 ppb or less. 
IV. BASIC MODULES OF ULTRAPURE WATER SYSTEMS 
A .  Removal of Dissolved Oxygen 
To reduce dissolved oxygen to a very low level, 1) a 
hydrazine reduction method using a catalytic resin and 2) 
a nitrogen gas bubbling method are now under study [ 151- 
[16]. The former is a chemical method to remove dis- 
solved oxygen by using a reducing agent, while the latter 
is a physical approach, utilizing the partial pressure of 
oxygen gas. The two newly-installed systems use vacuum 
degassing through a membrane as their first stage and cat- 
alytic resin-based reduction (System 1) and nitrogen gas 
bubbling (System 2) in the later stage. 
I )  Vacuum Degassing Through a Membrane: Fig. 6 
shows a vacuum degassing module using a hollow fiber 
membrane. Dissolved oxygen, present in water usually at 
a concentration of about 9 ppm, is subjected to vacuum 
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Fig. 4. Configuration of ultrapure water System 1. 
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Fig. 5. Configuration of ultrapure water System 2 
TABLE I 
QUALITY OF ULTRAPURE WATER FROM THE NEW SYSTEMS RECENTLY INSTALLED I N  THE MINI-SUPERCLEAN 
ROOM AT TOHOKU NIVERSITY 
Dissolved Total Particles 
Resistivity TOC SiOz Oxygen Residue (Counts/ml, 
(MQ . cm) (pg/I) ( r g / l )  ( r g / l )  ( p g / l )  > 0.07 pm) 
System 1 18.25 < I  < 1  3 - 5  < 1  1 - 2  
System 2 18.25 < I  < 1  6 - 10 < I  1 - 2  
Measurement equipment: Resistivity: AQ-1 1 (D.K.K). Total organic carbon: TOC-1000 (TOKKO). 
Particle: K-LAMIC-100 (KURITA). Dissolved oxygen: DOH-2 (D.K.K.). Si02: SLC-1605 (D.K.K.). 
Total residue: HPM-1000 (NOMURA MICRO). 
vAcuub 
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Fig. 6. Membrane degasser module. 
when passing through the hollow fibers membrane in the 
module. Dissolved oxygen is exhausted in a form of ex- 
tracted gas. The performance of this unit is dependent on 
the gas permeability of the membrane, the vacuum level 
and the surface area of the membrane. Currently used de- 
gassing membranes are made mainly of silicon or teflon 
resins, which excel in gas permeability. Table I1 lists gas 
permeabilities of different resins. While silicon resins and 
teflon resins are highly permeable to gases including ox- 
ygen, nylon resins are not. Fig. 7 shows the concentra- 
tions of dissolved oxygen in a 70 liters capacity module 
at varying vacuum levels. When the vacuum inside the 
module is increased, dissolved oxygen in the water rap- 
idly decreases. The figure also shows the theoretical con- 
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TABLE I1 
GAS PERMEABILITIES OF DIFFERENT RESINS 
Silicon rubber 
Natural rubber 
PTFE 
PFA 
Polyethylene 
Polypropylene 
PVDF 
Nylon 6 
104 
23.3 
9.5 
6.3 
2.9 
1.2 
0.02 
0.02 
- 
8.1 
3.8 
1.6 
1 .o 
0.2 
0.006 
0.005 
600 
131 
23.0 
12.6 
0.009 
- 
- 
10000 
Retention time97minutes 
1000 ; 
/ of dissolution 
I (23 " C )  I 
Temperature: 23-25 'c 
Initial Dissolved 
Oxygerv 8.3 mg/l 
10 
10 100 760 
VACUUM LEVEL (Torr) 
Fig. 7 .  Relationship between dissolved oxygen concentration and the vac- 
uum level at varying retention times. 
centrations of dissolved oxygen, calculated by Henry's 
law. 
At present, the vacuum level in this module is at 50 
Torr or below, and the dissolved oxygen concentration 
has been reduced to between 300 and 400 ppb. This vac- 
uum degassing membrane, which can efficiently remove 
dissolved oxygen in a compact apparatus, is sufficient as 
the first stage of dissolved oxygen removal. 
2) Reduction with Catalytic Resins: The catalytic ac- 
tion of palladium on the surface of anion resin is em- 
ployed to react hydrazine (N2H4) or hydrogen (H2) and 
dissolved oxygen, according to the following reactions: 
Pd(Cata1yst) 
Pd( Catalyst) 
(a) Reduction with N2H4: 
N2H4 -+ 2H + N2H2 
N2H2 -+ 2H + N2 
0 2  + 2H -+ H202 
H202 + 2H -+ 2H20 
0 2  + N2H4 -+ 2H20 + N2 
FEELWATER 
7 
rnP",, 
N2H4 T A N K  REMOVAL 
Pd CATALYST MIXED BED 
IN ANION EXCHANGE RESIN ION EXCHANGE RESM 
Fig. 8 .  Hydrazine reduction system using catalytic resin. 
(b) Reduction with H2: 
Pd( Catalyst) 
2H2 -+ 4H 
0 2  + 2H -+ H202 
H202 + 2H + 2H20 
0, + 2H2 -+ 2H20  
This method is theoretically capable of completely re- 
moving dissolved oxygen by reacting equivalent quan- 
tities of dissolved oxygen and a reducing agent. 
Fig. 8 is a schematic diagram of the oxygen removal 
module using N2H4. The hardware primarily consists of a 
reaction tower packed with a catalytic resin and an injec- 
tor for the reducing agent N2H4. The minute amount of 
unreacted N2H4 is removed by adsorption in the ion ex- 
change resin bed used in the later stage. Fig. 9 shows the 
concentrations of dissolved oxygen in the water at the out- 
put side of the system in Fig. 8.  
Fig. 10 shows the relation between removal ratio of 
dissolved oxygen using H2 and the injected H2 per dis- 
solved oxygen concentrations. 
These methods can reduce the residual concentration of 
dissolved oxygen to 5 ppb or less. 
3) N2 Gas Bubbling: This is a physical method to re- 
move dissolved oxygen by bringing N2 gas and feed water 
into contact and reducing the partial pressure of oxygen 
in the water. The hardware is constructed such that water 
is fed to the top of the N2 gas tower and then bubbled 
through the diffusers in a counter flow. For higher contact 
efficiency, multistage reaction with three or four towers 
is employed. The concentration of dissolved oxygen in 
the water relative to the partial pressure of oxygen can be 
readily calculated according to Henry's law. Fig. 11 
shows the relationship between the concentration of ox- 
ygen in the N2 gas used for bubbling and the equilibrium 
point of dissolved oxygen in the liquid. If, for instance, 
the oxygen concentration in the N2 gas used in a semi- 
conductor plant is 1 ppm, it will be theoretically possible 
to reduce the dissolved oxygen concentration to less than 
0.1 ppb. Fig. 12 shows the relationship between the gas/ 
liquid ratio and residual dissolved oxygen with different 
numbers of gas bubbling towers. The gadliquid ratio is 
represented by the volume ratio between feed water and 
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Total Nz gas tower capacity : 60L 
Depth of water : 2m 
Water f low rate : 0.6m'/hr 
Dissolved Oxygen of inlet water 
NUMBER OF 
NzGASTOWERS - 
350-370 U d L  - 
o f  Residual D.0 
NzM/OZ RATIO (rnoL/moO 
Fig. 9 .  Relationship between dissolved oxygen concentration and the ratio 
of N2H4 per initial 0,. Initial dissolved oxygen concentration is 350 ppb. 
I 2 O  k 
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Fig. 10. Relationship between removal ratio of dissolved oxygen and the 
ratio of H, per initial O,, at different dissolved oxygen concentrations. 
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Fig. 1 1 .  Relationship between the concentration of oxygen in the N, gas 
used for the bubbling and the equilibrium point of dissolved oxygen in the 
liquid. 
the N2 gas supplied. The concentration of dissolved ox- 
ygen in the water gradually decreases with increasing gas/ 
liquid ratio and the number of towers, and can be reduced 
0 5  
cn W
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Fig. 12. Relationship between the gas-liquid ratio and dissolved oxygen 
concentration, at different numbers of N2 gas towers. 
to 10 ppb or less at a gadliquid ratio of 0.8 with four 
towers. 
V.  PROCESS TO REMOVE VARIOUS IMPURITIES AND 
START-UP ERFORMANCE 
Figs. 13 and 14 show the impurity removal processes 
in the two ultrapure systems under study. Most of the im- 
purities contained in city water are removed as the water 
goes through activated carbon and the RO unit in the pre- 
liminary stage. The primary ion exchange resin further 
clears the water to the generally accepted level in terms 
of resistivity and the amount of impurities such as TOC. 
Dissolved oxygen is kept at 2 or 3 ppb at the outlet of the 
catalytic resin tower (including the ion exchange resin) in 
System 1, and at 4 to 6 ppb at the outlet of the N2 bubbling 
tower in System 2. In the following subsystem, the mi- 
nute quantity of TOC contained in the primary pure water 
is decomposed and removed by a combination of UV ox- 
idation and an anion exchange. The TOC level of the out- 
put water from this unit is 1 ppb or less, which is the 
detection limit of high-sensitivity TOC analyzers. 
In our ultrapure water systems, including their respec- 
tive subsystems, System 1 uses poly-ether-ether-ketone 
(PEEK) and System 2 uses polyvinylidene fluoride 
(PVDF) for piping material. 
As the recovery rate of each subsystem drops, i.e. as 
the volume consumed at the use point increases, TOC in- 
creases due to feed water from the primary system in the 
sub-tank, but no change in water quality is observed at 
the outlet of the subsystem. Fig. 15 shows the results of 
a closed circulation test of System 1. The gradual rise in 
dissolved oxygen concentration over time suggests the 
presence of minute leaks in the subsystem, but the level 
of these leaks poses no practical problem. Supposing a 
ml/s leakage in the subsystem holding 1 m3 of ul- 
trapure water, it is estimated that the dissolved oxygen 
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loo 0 SUBSYSTEMRECOVERY M)x 
A SUBSYSTEMRECOVERY 85% 
Fig. 13. Impurity removal processes in System 1 .  Parameters are resistiv- 
ity, dissolved oxygen and TOC at 60% and 85% recovery, as measure of 
after each component of the system. AC: Activated carbon. RO: Reverse 
osmosis. IEX: Ion exchange resin. MD: Membrane degasser. PD: Pd cat- 
alytic resin. UV: Ultraviolet oxidizer. UF: Ultrafilter. 
z W 
Fig. 14. Impurity removal processes in System 2. Parameters are resistiv- 
ity, dissolved oxygen and TOC at 0% and 73% recovery, as measured after 
each component of the system. AC: Activated Carbon. RO: Reverse os- 
mosis. IEX: Ion exchange resin. MD: Membrane degasser. N2 BUBB: Nz 
gas bubbling. UV: Ultraviolet oxidizer. UF: Ultrafilter. 
increases by more than 10 ppb only when ultrapure water 
is not used for 12 hours. 
Fig. 16 shows start-up performance of ultrapure water 
CIRCULi Y O L  Im’ h 
MI)ISURINC POINT - Y 6 2  -- 
I 
.= 20 1 4 - m  
S T E R I L I Z A T I O N  CONDITION : HOT D.I.WATER 
(80 ’CI .ZHRS 
1st : IMMEDIATELY AFTER CONSTRUCTION 
2nd:AFTER HALF MONTHS OPERATION 
I -  
IO 
3 %  17.0 oi_d 
TIME (HRS) 
Fig. 16. Start-up performance of System 2,  immediately after construction 
and hot water sterilization; again, after three days suspension and hot water 
sterilization. 
System 2 .  Water quality was assessed immediately after 
construction and after the suspension of operation about 
15 days later. In each case, the systems were sterilized 
with hot water before the start or restart of operation. Re- 
sistivity and TOC were selected as indicators to measure 
the stabilization of the system. As shown in Fig. 16, TOC 
was continuously dissolved for 70 hours when the system 
was first started up right after the construction. In the sec- 
ond case, water quality stabilized in about four hours after 
sterilization with hot water. Once the operation stabi- 
lized, the time required to restart the system was remark- 
ably short. The previous practice of sterilization with hy- 
drogen peroxide required a considerable time to start-up 
the system. By contrast, hot water sterilization permits 
automatic sterilization, stabilizes the system in a short pe- 
riod of time. 
VII. CONCLUSION 
Since native oxide growth is enhanced by the increase 
of the dissolved oxygen concentration in ultrapure water, 
the first step in reducing native oxide growth is to sup- 
press the dissolved oxygen concentration as low a level 
of as possible. 
Two ultrapure water systems, equipped with two-stage 
dissolved oxygen removal modules, have been developed 
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and evaluated. It has been confirmed that these systems 
can supply ultrapure water having dissolved oxygen con- 
centration as low as 10 ppb or below. These systems can 
also remove impurities, such as TOC, silica and total res- 
idue to levels of 1 ppb or less, which is close to the de- 
tection limit of the analytical tools used in the experiment. 
Furthermore, it has been also demonstrated that the em- 
ployment of low elution materials in these systems has 
made it possible to supply ultrapure water having above- 
described quality almost immediately after hot water ster- 
ilization of the systems. 
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